We identify several beneficial characteristics of polarization spectroscopy as an absolute atomic reference for frequency stabilization of lasers, and demonstrate sub-kilohertz laser spectral linewidth narrowing using polarization spectroscopy with high-bandwidth feedback. Polarization spectroscopy provides a highly dispersive velocity-selective absolute atomic reference based on frequency-dependent birefringence in an optically pumped atomic gas. The pumping process leads to dominance of the primary closed transition, suppressing closely-spaced subsidiary resonances which reduce the effective capture range for conventional atomic references. The locking signal is based on subtraction of two orthogonal polarization signals, reducing the effect of laser intensity noise to the shot noise limit. We measure noise-limited servo bandwidth comparable to that of a high-finesse optical cavity without the frequency limit or complexity imposed by optical modulation normally associated with high bandwidth laser frequency stabilization. We demonstrate narrowing to 600±100 Hz laser linewidth using the beatnote between two similarly locked external cavity diode lasers. References and links 1. S. Uetake, A. Yamaguchi, S. Kato, and Y. Takahashi, "High power narrow linewidth laser at 556 nm for magnetooptical trapping of ytterbium," App.
Introduction
Laser frequency stabilization to atomic references is essential to numerous applications including the cooling and trapping of atoms [1] [2] [3] , Bose-Einstein condensates [4] and degenerate Fermi gases [5] . Stabilization techniques that provide high-bandwidth feedback can allow narrowing of the laser spectral linewidth, which is important to applications such as atomic clocks [6] , high resolution spectroscopy [7] and metrology [8, 9] . The desirable traits of a laser frequency stabilization scheme include reference to an absolute atomic transition, high bandwidth to achieve low spectral linewidth, long-term stability, and low complexity in particular the absence of laser beam frequency or amplitude modulation. Established techniques range from saturated absorption spectroscopy (SA) [10] [11] [12] , which can reduce external cavity diode laser (ECDL) linewidth below 100 kHz [13, 14] , to high-finesse optical cavities that are able to achieve sub-Hertz linewidth [15, 16] It has been shown recently that PS can achieve an effective servo bandwidth comparable to PDH with a high-finesse optical cavity [28, 29] , yet with complexity comparable to SA; that is, with a simple atomic gas cell and without requiring amplitude or frequency modulation. The full width at half maximum (FWHM) linewidth of a distributed feedback diode was reduced to 20 kHz [28] and of an ECDL to 65 kHz [29] .
Here we demonstrate sub-kilohertz linewidth narrowing using PS, measured with a highfinesse optical cavity and heterodyne measurement between two similar lasers. We review the characteristics of PS that enable such high bandwidth noise suppression, and the potential for further improvement.
Polarization spectroscopy
A schematic diagram for PS is shown in Fig. 1 . A circularly polarized pump beam from a monochromatic laser induces frequency-dependent circular birefringence in a magneticallyshielded atomic gas sample. A linearly polarized beam from the same source is used to measure the birefringence, monitored with a balanced polarimeter consisting of a half-wave phase retarder, polarizing beam splitter (PBS) and two detectors. The dispersive error signal is the difference of the two orthogonal polarization components [30, 31]
where P x,y are the power of the horizontal and vertical linearly polarized components of the probe after the sample, P 0 is the power of the probe in the absence of a pump beam, φ is the angle of polarization of the probe in the absence of a pump beam and Φ is the additional polarization rotation of the probe due to the birefringence induced by the pump. The largest PS spectrum is produced when φ = π/4 and since Φ is small Eq. (1) becomes
The polarization rotation is given by
where L is the length of the atomic sample, λ is the wavelength of the light, ∆n = n + − n − and n ± are the refractive indices affecting the circularly polarized components of the probe beam. The beam from the laser passes through an isolator before being split into two beams by a polarizing beam splitter (PBS) and coupled into optical fibers. One fiber leads to the PS setup shown here, the other to measurement or experimental apparatus via an acousto-optic modulator (AOM). The PS setup consists of a polarization stabilizing Glan-Thompson prism followed by a beam expanding telescope. The expanded beam is then divided by a PBS into a linearly polarized probe and circularly polarized pump which counter-propagate, via a non-polarizing 50:50 beam splitter (BS), through the magnetically shielded atomic gas sample. The polarization rotation of the probe beam is then measured by a balanced polarimeter which consists of a λ /2 waveplate, PBS and two photodetectors.
The refractive index and absorption of the medium are related through the Kramers-Kronig dispersion relation to give [27] ∆n = ∆α 0 2c
Here c is the speed of light, δ = ω L − ω A is the detuning of the laser from the resonance, ω L, A are the angular frequency of the laser and the atomic resonance, and Γ is the inverse lifetime of the excited state of the resonant transition. ∆α 0 is the difference in absorption coefficients for the circular polarization components at zero detuning. ∆α 0 is the sum over all m F ground states of the difference between absorption coefficients for each circular polarization, with δ = 0, weighted by the ground and excited state population differences, P F,m F − P F ,m F±1 ;
The absorption coefficient for a given transition is
where N is the number density of interacting atoms, and σ (ω L ) is the absorption cross section for the transition.
The atomic substate populations established by interaction with the pump beam can be calculated using optical Bloch equations [31] . The PS signal is proportional to the refractive index difference given by Eq. (4), which describes a steep, background-free antisymmetric dispersive function.
Signal characteristics
Several characteristics of the dispersive PS signal contribute to a high servo locking bandwidth.
High signal-to-noise ratio
PS is velocity selective, producing dispersive error signals with high frequency discrimination slope, comparable to SA and MTS. The subtraction associated with the balanced polarimeter of PS removes technical noise, particularly probe laser intensity noise, across the entire signal bandwidth. The resulting PS dispersion signal therefore approaches the shot-noise limit, and the signal-to-noise ratio is very high over a large bandwidth.
Modulation free
PS is modulation-free; that is, a baseband technique. With modulation-based methods such as PDH, FM demodulation used with SA, and MTS, the feedback bandwidth is limited in theory by the Nyquist limit of half the modulation frequency but in practice to well below this due to the need for a filter to remove the second harmonic product and upconverted flicker noise at the first harmonic, made more difficult in servo applications by the need to keep latency low to preserve phase margin. The absence of modulation also reduces complexity and cost, but some care is needed to minimize noise contributions at very low frequencies which contribute to frequency drift, and at high frequencies where noise may exceed the signal.
Selectivity
PS optically pumps the atomic sample into the primary transition pair, for example the 5 2 S 1/2 F = 3 → 5 2 P 3/2 F = 4 transition with 85 Rb. Subsidiary transitions such as F = 3 → F = 3 are strongly suppressed and the cross-over resonances of SA are relatively small and do not cross zero. This selectivity, which also applies to MTS, has two important benefits. First, the PS signal is of the correct sign over the full Doppler width of the sample, free of zero-crossings at nearby secondary resonances, allowing for a high effective feedback bandwidth. Second, if a laser locked to the PS feature becomes unlocked, for example due to external disturbance, there are no zero-crossings in the feedback error signal to trap the locking servo except at the desired primary transition.
Collectively, these characteristics show that PS has excellent prospects for application as a wide-bandwidth linewidth-narrowing frequency stabilization reference linked to an absolute atomic transition. Our experiments separately demonstrate these characteristics and show that the sensitivity to low-frequency drift and high-frequency noise can be mitigated.
Experiment
Two different commercial Littrow configuration ECDLs [32] were individually locked using PS. The laser beam for each was split by a PBS and propagated through polarizationmaintaining fibers to separate PS locking systems and the linewidth measurements. The locking beams were polarized with Glan-Thompson prisms to eliminate residual polarization drift in the fibers. The pump and probe beams typically had powers of 2.4 mW and 2.7 mW respectively. Beam-expanding telescopes were used to expand the beam to fill the apertures of the magnetic shielding, 1.5 cm diameter, reducing power-and transit-broadening and improving the optical pumping within the 7.5 cm long vapor cells.
The balanced polarimeter error signal was generated with biased photodiodes (150 MHz bandwidth) and servo controllers (14 MHz bandwidth). The servo controller integration zerogain frequency was typically between 100 kHz and 1 MHz. The feedback to the diode injection current had bandwidth >10 MHz. Laser controller electronics provided control of each ECDL piezoelectric transducer and diode injection current, with bandwidths of 1 kHz and 50 kHz respectively.
The high-finesse optical cavity used for the frequency noise and drift measurements was of fixed length and situated inside a temperature-controlled vacuum chamber. All equipment used was located on the same optical bench.
Results
We have characterized the spectral linewidth of the locked lasers using high-finesse optical cavity transmission and heterodyne techniques, the frequency noise spectra of the locked lasers, and the long-term frequency stability of the locked lasers.
Polarization spectroscopy capture range
The capture range of the frequency discriminator is important in determining the ability to compensate for sudden disturbances to the laser frequency, for example due to external shock or vibration. We define the capture range as the range of frequencies about the resonance for which the error signal is of the correct sign to provide negative feedback. This can be deduced from the error signal by locating the first zero crossing to either side of the resonance. For the spectra shown in Fig. 2 the capture range is greater than ±150 MHz, many times larger than the ±15 MHz of SA. 
Frequency noise measurements

Error signal noise
The frequency spectrum of the PS error signal provides a measure of laser frequency noise in combination with the PS frequency discrimination, photodetector and electronic noise and gain. The response of the system to different feedback parameters and the underlying noise limitations are immediately apparent. The frequency noise power spectral density (PSD) of the PS error signal, shown in Fig. 3(a) , was measured for different feedback configurations, using a high-dynamic-range audio digitizer (frequencies <10 kHz) and radio frequency (RF) spectrum analyzer (frequencies, 10 kHz to 30 MHz). The RF spectrum analyzer was calibrated using the slope of the error signal on resonance. The low frequency data were calibrated by matching to the RF spectrum analyzer data at 10 kHz. Increasing suppression of noise is readily apparent as the feedback bandwidth is increased from 1 kHz (piezo only) to 50 kHz (piezo and slow current through the laser controller) and then full lock with feedback via direct diode current modulation. From around 450 Hz to 350 kHz the fully locked noise spectrum is coincident with the noise floor (measured by detuning the laser far from resonance) and intersects with the unlocked spectrum at 700 kHz. The frequency of the servo bump at 1.3 MHz is consistent with the phase lag in the laser diode response [33].
Cavity transmission noise
To measure the laser frequency noise spectrum we used a high-finesse optical cavity as an independent laser frequency discriminator [32] . The optical cavity had finesse of 2.1 × 10 4 , free spectral range of 1.50 GHz, and a FWHM linewidth of 72 kHz. Figure 3(c) shows cavity transmission signals as the laser frequency incident on the cavity was scanned with a doublepass acousto-optic modulator (AOM). The resulting traces provide a clear illustration of the effect of increased locking bandwidth: with piezo-only locking the peak appears broad as the laser jitters around the resonant frequency. With slow current feedback, the transmission peak shape becomes apparent, and finally we see the effect of high-bandwidth feedback with peak width limited by the cavity finesse, indicating a laser linewidth much smaller than the cavity linewidth.
We analyzed the frequency noise of the laser through the cavity transmission signal by choosing a static AOM frequency such that the transmitted power through the optical cavity was half the peak power, where the transmission-frequency response is approximately linear. The cavity noise spectrum is shown in Fig. 3(b) for full bandwidth locking. The signal was well above the noise floor, measured with laser frequency between transmission peaks, for frequencies up to the 5.5 MHz bandwidth of the photodetector. This approach could not be used with lowerbandwidth feedback because the laser linewidth was wider than the cavity transmission. Note that the cavity transmission noise floor is three to four orders of magnitude lower than that of the PS error signal, consistent with the lower shot noise in the cavity measurement where the laser power was 10 µW compared to 1 mW in the PS balanced polarimeter.
We extracted a measure of the linewidth from the cavity data using two methods: first we mapped the amplitude noise of the locked cavity signal to frequency using the cavity transmission frequency response shown in Fig. 3(c) . The standard deviation of the distribution of frequencies gave a root mean square (RMS) linewidth of 2.4±0.3 kHz. We also integrated the cavity transmission signal PSD to find an RMS linewidth [24] of 2.4±0.7 kHz. Linewidth results are summarized in Table 1 .
The cavity transmission spectra and linewidth measurements include contributions from both laser frequency and amplitude noise. An estimate of the amplitude noise contribution to the spectra was obtained by measuring the photodetector power spectrum without the cavity and thus without frequency noise, with the same incident laser power on the photodetector. Map-ping that noise spectrum to frequency produced a contribution of 1.4±0.2 kHz in the cavity transmission mapping linewidth, and 0.16±0.05 kHz to the cavity PSD integral linewidth. The inconsistency between these two measurements indicates that a large portion of the noise is at very low frequencies which are below the 24 Hz PSD measurement cutoff.
Assuming the frequency and amplitude noise contributions are uncorrelated and that the observed signal is a convolution of the two indicates that the linewidth determined from the cavity transmission mapping consists of the 1.4±0.2 kHz amplitude noise linewidth in combination with a frequency noise linewidth of 2.0±0.5 kHz. The inconsistency between the two linewidth measurements is probably due to the low frequency cutoff of the PSD measurement and the mapping method not properly including contributions from higher frequencies; that is, the "pedestal" of the laser spectrum which can be seen in a heterodyne measurement.
Heterodyne measurements
To resolve the discrepancy between the two laser linewidth measurements we used heterodyne beatnotes, which are insensitive to amplitude noise. Heterodyne measurements were made by frequency shifting one of the laser beams with a double-pass AOM and combining the two locked beams on a 50:50 beam splitter followed by a 1 GHz bandwidth photodetector. The beatnote spectrum was measured with an RF spectrum analyzer [32], see Fig. 4 . Most of the optical power was within the central peak of the spectrum, with −3 dB full width of 2.0 ± 0.4 kHz. The lasers are uncorrelated and if they have identical Gaussian lineshapes then the single laser RMS linewidth was 0.60 ± 0.1 kHz. The shoulders in the spectrum around ±1.5 MHz correspond to the servo bump of the fully locked spectra in Fig. 3(a) .
The measurement shown inset in Fig. 4 is a 50-shot average with a total measurement time of approximately 2 seconds. Individual measurements had −3 dB widths as low as 880±280 Hz, corresponding to an RMS laser linewidth of 270±90 Hz.
The discrepancy between the heterodyne and cavity measurements is attributed to contributions from intensity noise and the broad pedestal in the cavity spectra, see Fig. 4 , that do not contribute to the narrower heterodyne width. 
Long-term frequency stability
Polarization spectroscopy is inherently a DC technique, susceptible to low frequency drift (1/ f noise). Drift in the laser power output as the laser alignment drifts, variations in fiber coupling efficiency if fibers are used, variations in the atomic vapor density due to changes in temperature, thermal effects on the waveplates and changes to the electronic gains and offsets can all affect the lock point of PS due to the resulting intensity noise combined with the difficulty in perfectly balancing the polarimeter. The high-finesse cavity was used as a reference to quantify the long-term drift of the PS locked laser over a period of 60 hours, measured every 10 seconds, Fig. 5 . Drift in the optical cavity frequency was corrected by reference to the central frequency of a beatnote between a laser locked to the rubidium transition using saturated absorption spectroscopy and the PS locked laser incident on the cavity. The standard deviation of the PS-locked laser frequency measurements was 51 kHz over the 60 hour measurement, approximately half the standard deviation of the measurements in [34] and significantly smaller than the 400 kHz quoted in [35] . The frequency change between each measurement was on average 5 Hz, with a standard deviation of 210 Hz. The frequency stability of PS is strongly dependent on the extent to which the apparatus is isolated from ambient temperature variations [29] . In our system the lasers are temperature stabilized and isolated with acrylic enclosures, and the optical cavity was temperature controlled and isolated inside a vacuum chamber, but the PS and SA components and optical components between lasers and optical cavity were not temperature controlled or shielded from the general laboratory environment. The locking stability and drift are expected to improve with environmental isolation of all optical components and temperature stabilization of the atomic vapor cell. The power into the PS setup is particularly sensitive to polarization drift in the light exiting the optical fibers. Although singlemode polarization maintaining fibers were used, they exhibited significant polarization drift with laboratory temperature variations, and we expect shielded free-space propagation or active power stabilization of the light into the PS setup would further improve the frequency stability.
Conclusion
We have demonstrated laser frequency stabilization using a polarization spectroscopy reference, and reduced the linewidth of ECDL lasers well below 1 kHz, much lower than previously demonstrated with this technique and previously achieved only by locking to high-finesse optical cavities. The long-term frequency variance of 51 kHz is sufficient for many laser cooling experiments and significantly lower than previously demonstrated. Further improvements to drift can be expected with temperature stabilization and environmental isolation of the gas cells and fibers or replacing the fibers with free-space propagation. The experimental setup provides an approach with low complexity and low cost, providing wide bandwidth linewidth narrowing without frequency modulation while retaining an absolute atomic reference.
